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The effect of oxygenation on the electronic properties of semiconducting carbon nanotubes is studied
from first principles. The O, is found to bind to a single-walled nanotube with an adsorption energy of
about 0.25 eV and to dope semiconducting nanotubes with hole carriers. Weak hybridization between
carbon and oxygen is predicted for the valence-band edge states. The calculated density of states shows
that weak coupling leads to conducting states near the band gap. The oxygen-induced gap closing for
large-diameter semiconducting tubes is discussed as well. The influence of oxygen on the magnetic
property is also addressed through a spin-polarized calculation and compared to experiment.

PACS numbers: 71.20.Tx, 68.45.Da, 72.80.Rj, 73.61.Wp

The electronic structure of a single-walled carbon nano-
tube (SWNT) is determined by the tube chirality and di-
ameter [1]. It was believed that the electronic properties
of SWNT are relatively insensitive to their chemical envi-
ronment, especially to gas exposure because of the strong
on-tube carbon-carbon sp? bonding and presumably weak
interactions between the gas molecules and the carbon
tubes. However, it has been demonstrated experimentally
that the electronic properties of semiconducting SWNTs
are extremely sensitive to their exposure to gas molecules
[2—-4]. Recently, there has been a series of experiments
that measure the dependence of the electronic and trans-
port properties of carbon nanotubes on oxygen exposure.
It is found that not only the resistance of the nanotube mats
shows a stepwise behavior because of oxygenation and de-
oxygenation, but also some small-gap semiconducting nan-
otubes exhibit metallic behavior when they are exposed to
oxygen [2]. The thermoelectric power (TEP) of nanotube
mats is also found to be very sensitive to oxygen expo-
sure, and the TEP of oxygenated SWNT mats is unusually
large compared to that of ordinary metals or graphite. Fur-
thermore, even sign changes are observed because of oxy-
genation and deoxygenation [2,3]. Similar sensitivity to
oxygen is also found in an NMR measurement where the
spin lattice relaxation rate for a nanotube changes rapidly
as oxygen is introduced [5]. Another important point that
should be raised is the possibility that unintentional oxygen
contamination during preparation of nanotubes may have
lead to incorrect analysis of data in previous experiments.
Therefore, understanding of the effects of oxygen on the
electronic and transport properties of carbon nanotube is
essential and timely not only for potential applications of
nanotubes as molecular sensor, but also for resolving their
true intrinsic properties.

In this Letter, we use the ab initio pseudopotential total
energy method [6,7] to study the effect of oxygen on the
electronic and magnetic properties of SWNTs. We focus
on semiconducting carbon nanotubes since we expect that
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oxygen exposure will have a much smaller effect on the
properties of metallic armchair tubes. Some key questions
are whether or not or how strongly O, binds to nanotubes,
how the electronic structure is modified (especially how
semiconducting nanotubes can become metallic), and how
oxygen affects the magnetic properties of nanotube.

The ab initio total energy calculations were based
on pseudopotential density functional theory [6,7]. We
adopted the local density approximation (LDA) for the
exchange-correlation potential.  For the study of the
spin-polarization effect of the oxygen molecule, we also
used a local spin density approximation (LSDA). The
cutoff energy for the expansion of the planewave basis is
50 Ry. We chose an (8,0) carbon nanotube and put one
oxygen molecule in each unit cell to simulate the oxygen
adsorption on semiconducting tubes. The center-to-center
distance between nearest tubes in the supercell is 13.23 A,
which results in a distance of about 7 A between the
nearest carbon atoms on adjacent tubes.

On a graphite surface, O, adsorption results in basi-
cally two possible structural phases, 6 (low density) and
{ (high density) phases at low temperatures [8]. The oxy-
gen molecule in the § phase lies parallel to the carbon-
carbon bonding, while the molecular axis generally forms
an oblique angle with the graphite surface in the { phase.
Here we consider the 6 phase as a plausible configuration
for oxygen adsorption on a nanotube at moderate cover-
ages. Among the many possible adsorption sites, a bridge
site of carbon-carbon bonding parallel to the tube axis is
chosen for the present calculation [9].

To examine the binding properties, we first studied the
adsorption behavior of oxygen on nanotubes. In order to
find the optimal adsorption distance, the total energy of the
tube + O, is calculated as a function of the distance be-
tween the oxygen molecule and the tube. For this purpose,
we need to obtain a fully relaxed atomic configuration of
the (8,0) carbon nanotube and the O, molecule separately.
The bond length and stretching frequency of isolated O,
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molecule are found to be 1.197 A and 1565 cm ™', respec-
tively, in good agreement with the experimental values of
1.207 A and 1534 cm™! [10]. We then calculate the to-
tal energy of the tube + O, with the O, molecule on top
of the bridge site with varying distances between the O,
and the tube. At this stage, any atomic relaxation is not
considered since the interaction between the nanotube and
oxygen is presumably weak up to moderate distances. In
fact, we find that the residual forces on all atoms for dis-
tances over ~2.4 A are small enough (0.2 eV/ A) so that
any relaxation would not alter the overall shape of the total
energy curve near the equilibrium position. At smaller dis-
tance, however, forces are not negligible and the total en-
ergy should be smaller for full atomic relaxation than that
presented here (however, the optimal distance and binding
energy will change very little) [11].

Figure 1 shows the result of our calculations of the bind-
ing energy (E}) as a function of the distance (d),

Ep(d) = Eiy(tube + Op) — Ey(tube) — E5(02).
(1

We calculated the total energy of oxygen in the same su-
percell geometry as used in the tube + O, system to min-
imize any artificial supercell effects. The optimal distance
is found to be about at 2.7 A, and the oxygen molecule
binds to the (8,0) nanotube with an adsorption energy of
about 0.25 eV. Our calculated binding energy shows that
oxygen adsorption on nanotubes is in between chemisorp-
tion and physisorption. The large curvature of the (8,0)
tube studied here may give strong chemical activity at the
bridge sites. It is also well known that the LDA tends to
overestimate the binding energy. However, we expect that
to an order of magnitude the binding energy should be the
same as our calculated value.

We have investigated how oxygen adsorption modifies
the electronic structures of semiconducting carbon nano-
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FIG. 1. Binding energy curve of an oxygen molecule to a (8,0)

carbon nanotube as a function of distance from oxygen to the
tube. The solid curve is given as a guide.

tubes. Figure 2 shows the band structure of the tube + O,
for d = 2.7 A. The Fermi level lies at the zero of energy
slightly below the top valence band states of the carbon
nanotube. An isolated (8,0) carbon nanotube has a band
gap of about 1 eV in the 7-electron only model but the
actual LDA band gap is reduced to about 0.6 eV due to the
o — r hybridization. The flat bands (labeled by O1 and
02 in Fig. 2) at the Fermi level are derived from oxygen
pp ™ states and they are almost half filled. We observe a
comparatively large splitting in the oxygen-derived states
and the carbon states lying about 0.5 eV below the Fermi
level at the I' point (labeled by C1 and C2 in Fig. 2).
This large splitting of these carbon states is attributed to
the adsorbate-tube interaction and the symmetry of these
particular states.

Since the HOMO states of the oxygen molecule have
ppm* antibonding character, the coupling will be sensi-
tive to the bonding character of the carbon states at the
adsorption site. A single (8,0) carbon nanotube has Dygy
symmetry and each carbon state has rotational and reflec-
tion symmetry depending on its bonding character [12].
The carbon states lying 0.5 eV below the Fermi level (C1
and C2 states in Fig. 2) have fourfold rotational symmetry
along the circumferential direction and a 77*-like charac-
ter along the bridge site. Coupling with oxygen can then
be large and actually gives rise to about a 0.2 eV splitting
in energy. On the other hand, the top valence band states
(CO states in Fig. 2) have w-like character at the bridge
site. The interaction of these states with oxygen will be
very small and so is the splitting (about 0.03 eV) which
is hardly noticeable in the band structure. The symmetry-
selective interaction of oxygen with the different carbon
states implies that oxygen adsorption (diatomic molecu-
lar adsorption in general) may have a different behavior

1 i
0
S
)
w -1
-2
-3
r X

FIG. 2. Band structure of the (8,0) carbon nanotube + O,.
Only the states near the band gap are plotted. The Fermi level
lies at the zero of energy. The flat bands (O1 and O2) lying at the
Fermi level are derived primarily from oxygen molecular states.
Note the comparatively large splitting of oxygen states (O1 and
02), and of the carbon states (C1 and C2) at E = ~ —0.5 eV.
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depending on the chirality and diameter of the tube at low
temperatures.

Figure 3 shows squared wave functions of the states
(C2 and O2 states in Fig. 2) near the Fermi level that
have comparatively strong coupling between carbon and
oxygen as mentioned above. The plot is drawn in the plane
perpendicular to the tube axis passing through one of the
oxygen atoms. Weak bonding-like and antibonding-like
characters are apparent between carbon and oxygen. As
discussed below, the weak coupling has a profound effect
on the conductance of the nanotube.

The calculated density of states (DOS) of the oxygen-
doped carbon nanotubes is shown in Fig. 4 [13]. Sharp
peaks at the band edge are typical of 1D density of states.
Two small peaks near the Fermi level, which is taken
as the zero of energy, come from the valence band top
states derived from carbon. Note that the Fermi level lies
about 0.01 eV below the upper peak of the carbon-derived
states, which indicates that oxygen can dope semiconduct-
ing tubes giving hole carriers and finite conductance. This
finding is consistent with a recent experiment on the re-
sistance of SWNT mats where a stepwise change in re-
sistance is observed upon oxygenation and deoxygenation
[2]. From a population analysis, we estimated that about
0.1 electron is transferred from the carbon nanotube to each
oxygen molecule. The 1D features of the DOS and the en-
hancement of the conductance of the oxygen-doped semi-
conducting tube are found to be a possible source for the
observed large TEP and its sensitivity to oxygen [3].

The dashed line in Fig. 4 denotes the partial DOS pro-
jected onto the carbon nanotube. We note that a small
tail in the carbon projected DOS persists up to 0.3 eV
above the Fermi level. The coupling with oxygen gives
a nonzero value for the carbon partial DOS even above
the Fermi level, and a conduction can occur through the
tail states. Scanning tunneling spectroscopy which can be
used to measure the local density of states yields a small
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FIG. 3. Squared wave function of weakly hybridized states
between carbon and oxygen orbitals at the I' point in the band
structure; (a) bonding-like state (labeled C2 in Fig. 2) and
(b) anti-bonding-like state (labeled O2 in Fig. 2). The plotting
plane is normal to the tube axis and passes through one of the
oxygen atoms.
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but clear increase in the density of states as the semicon-
ducting nanotube is exposed to oxygen [2]. Our results
suggest that a small-gap semiconducting nanotube can ex-
hibit metallic behavior at moderate oxygen doping and thus
is consistent with experiment.

The ground state configuration of the oxygen mole-
cule is ° Eg where two electrons of the same spin
occupy each of the pp 7™ states [14]. The excitation en-
ergy to the singlet states, 'A [ and 12;, is about 0.98 and
1.63 eV, respectively, which is much larger than the bind-
ing energy obtained here. It is therefore expected that O,
remains as a spin-triplet state on the tube surface. We car-
ried out LSDA-based total energy calculations and found
that the oxygen molecule is in the spin-triplet state at the
equilibrium distance obtained from the LDA calculation
(~2.7 A). The spin-triplet state is lower in energy by
about 1 eV than the singlet state in our calculations. The
oxygen molecular states (O1 and O2 states in Fig. 2) split,
and the spin-up states are fully occupied and the spin-
down states are nearly empty. A similar charge transfer
(0.1 electron to an O, molecule) occurs, giving a finite
density of states at the Fermi level. Therefore, we expect
that oxygenation can have a significant influence on the
magnetic responses of nanotubes. In a recent NMR mea-
surement, it is found that the spin-lattice relaxation rate
of carbon nanotubes becomes much faster when the tubes
are exposed to oxygen [5]. In contrast, other diatomic
molecules such as H, and N, have very little effect on
the spin lattice relaxation. We comment that the spin
configuration of the oxygen molecule may depend on its
binding character to the carbon nanotube. Strong binding
of chemisorbed oxygen would prefer a spin-singlet state
while physisorbed oxygen favors the spin-triplet state.
Oxygen molecules bound strongly at chemically active
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FIG. 4. Density of states of oxygen doped (8,0) carbon nan-
otube. The Fermi level is at the zero of energy. Two small
sharp peaks (CO’s) near the Fermi level come from the top va-
lence band states (derived from carbon states). Other peaks la-
beled come from the corresponding states in the band structure
(Fig. 2). The dashed curve is the partial DOS projected on to
carbon nanotube. The small but finite tail of the carbon partial
DOS persists up to 0.3 eV above the Fermi level.
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sites are expected to have little effect on the magnetic
responses.

In summary, we studied the effect of oxygenation on
electronic and transport properties of carbon nanotubes
from first principles. The O, adsorbs on tube wall with
a binding energy of about 0.25 eV and a binding dis-
tance of ~2.7 A. A charge transfer of about 0.1 electron
from the carbon nanotube to every oxygen molecule is pre-
dicted. The LSDA calculation shows that the O, molecules
adsorbed on nanotubes remain in spin-triplet states and
can influence the magnetic properties of carbon nanotubes
significantly.
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